which the AKA originates, is very important to minimize the risk of postoperative spinal cord ischemia.
Previous studies have shown that selective spinal cord angiography [5, 6] , multi-detector row computed tomography (CT) angiography [7] [8] [9] [10] [11] , and magnetic resonance (MR) angiography [12, 13] are useful for identifying the AKA and the ASA preoperatively. However, the visualization of the AKA and of the continuity between the aorta and the ASA with these techniques may not be adequate to prevent spinal cord ischemia after surgery. To improve visualization of the AKA using CT angiography, we developed a modified intravenous CT angiography technique, which we refer to as right atrial CT (RA-CT) angiography. So far as we are aware, this is the first report of this technique.
In the present study, visualization of the AKA, and of the continuity between the aorta and the ASA using RA-CT angiography were assessed, and the branching level and laterality of the origin of the AKA were determined.
MATERIALS AND METHODS
Between January 2004 and June 2010, 110 patients with abdominal aortic aneurysm (AAA), thoracic descending aortic aneurysm (TAA) or thoracoabdominal aortic aneurysm (TAAA) underwent RA-CT angiography to identify the AKA and the ASA, as a preoperative procedure. The 110 patients included 87 male and 23 female patients who ranged in age from 23 to 85 years, with a mean age of 68.4±10.6 years. The aneurysm was AAA in 8 of the 110 patients, TAA in 67, and TAAA in 35. As to etiology, the aneurysm was atherosclerotic in 61 patients and dissecting in 49. Clinical characteristics of the 110 patients were summarized in Table 1 . The exclusion criteria for RA-CT angiography were a previous allergic reaction to contrast medium and renal insufficiency (serum creatinine >2.0 mg/dl).
Informed consent was obtained from all patients after explaining the possible complications of CT angiography and the side effects of large doses of contrast medium.
For RA-CT angiography, a 5F straight catheter (CATHEX, Tokyo, Japan) was inserted into the RA via the femoral vein under fluoroscopic guidance, after which the patient was transferred to a CT room. Contrast medium (100ml) containing 370 mg/ml iopamidol (Shering, Berlin, Germany) was injected into the RA at a rate of 8 ml/sec with a power injector (NemotoKyourindo, Tokyo, Japan), followed by a 20 ml physiological saline solution flush at the same rate, and then a CT scan was performed in each patient. In our RA-CT angiography protocol, injection of contrast medium and CT scan were performed twice to improve visualization of the AKA and of the arterial continuity, particularly in patients with hemodynamic disorders such as poor cardiac function, arrhythmias, bradycardia, or valve disease, and to obtain denser enhancement of the AKA in patients with a large aortic aneurysm or collateral arteries connecting with the ASA. The first CT scan was started 20 sec after the commencement of the first injection of contrast. The second CT scan was begun 35 sec after initiation of the second injection of contrast medium with the same injection protocol. Consequently, the scanning period for the opacified aorta and arteries feeding the spinal cord was expected to total 30 sec. The detailed RA-CT angiography procedures were schematically shown in Fig. 1 .
For this study, an 8-or 16-row MDCT scanner (Lightspeed; GE Medical Systems, Milwaukee, USA) was used, and CT scans were obtained from the level of the first cervical vertebra to the inferior margin of the symphysis pubis. Shallow breathing was permitted for all patients throughout the scanning procedure. Each CT scan was performed using the following parameters: helical pitch, 1.375; 0.8 sec per rotation; 120 kV; 300-400 mA; calibration field of view (FOV), 500 mm; display FOV, 160-210 mm; and image slice thick-118 In case of disagreement about the evaluation of an image, final consensus was reached through interobserver discussion. In this study, the diagnostic criteria for the AKA were both the presence of a so-called hairpin turn connecting to the ASA and the confirmation of the continuity of the aorta, the segmental artery such as the intercostal or lumbar artery, the AKA, and the ASA. Differentiation of the AKA from the anterior radiculomedullary vein is very difficult on the basis of their characteristic shapes; thus, the AKA was confirmed by visualizing the arterial continuity between the aorta and the ASA. The branching level of the AKA was determined on the basis of the anatomic level of the segmental artery from which the AKA originated, and the anatomic level of the segmental artery was defined as the level of the rib below which the segmental artery ran.
STATISTICAL ANALYSIS
Continuous data presented as mean ±standard deviation. They were analyzed using a 2-sided paired t test. Data analysis was performed on JMP version 5.1 (SAS Institute, Inc, Cary, NC)
RESULTS
No complications related to the RA-CT angiography procedure such as paraplegia, bleeding, or aneurysm rupture were experienced, however, renal impairment caused by contrast medium (elevation of serum creatinine > _0.5 mg/dl from the baseline creatinine value before the procedure) was observed in one patient, who was successfully managed with conservative treatment. The obtained data could be analyzed in all cases.
The AKA with hairpin turn was detected in all 110 patients (100%), and visualization of the continuity between the aorta and the ASA was confirmed in 99 patients (90.0%), as shown in Table 2 and Fig. 2 . The arterial continuity was not traceable in the remaining 11 patients (10.0%). Of these 11 patients, 5 (45.5%) had a dissecting aortic aneurysm with very slow blood flow in the false lumen, and 7 (63.7%) had a large aneurysm with massive mural thrombi leading to occlusion of an ostium of the intercostal or lumbar artery. On scan timing, the AKA and the arterial continuity were visualized in the first scan (20 to 35 sec after beginning the injection of contrast medium) in 81 (81.8%) of the 99 patients and were observed in the second scan (35 to 50 sec after beginning the injection) in 18 (18.2%), as shown in Table 2 . Among these 18 patients, 13 (72.2%) had a dissecting aneurysm. With regard to aneurysm etiology, the AKA and arterial continuity were observed in 61 (100%) and 55 (90.2%) of the 61 patients with a true aneurysm, respectively, and in 49 (100%) and 44 (89.8%) of the 49 patients with a dissecting aortic aneurysm, respectively. The difference in the detection rate of the AKA or visualization of the arterial continuity between these two patient-groups Fig. 1 . Before each scan was started, 120 ml of a contrast material containing saline was injected at a rate of 8.0 mL/sec. The scan delay after the start of the first injection was 20 seconds and after the second injection was 35 seconds. was not signifi cant (p=0.9719) .
Among the 99 patients in whom the AKA and the arterial continuity were confi rmed by RA-CT angiography, the segmental artery from which the AKA arose originated from the Th8 to L2 level in the aorta in 94 patients (95.0%), and particularly between Th8 and L1 in 86 patients (86.8%), as shown in Table 3 . The segmental artery connecting with the AKA originated on the left side in 71 patients (71.7%) and on the right side in 28 patients (28.3%). Of the 99 patients, 79 (79.8%) had a single AKA, however, multiple radiculomedullary arteries supplying the AKA were found in 20 patients (20.2%). In 19 of these 20 patients, 2 radiculomedullary arteries were recognized (Fig. 3-A) and 4 radiculomedullary arteries were observed in 1 patient (Fig. 3-B) .
The presence of collateral circulation resulting from occlusion of the intercostal or lumbar arteries was depicted in 3 (2.7%) of the 110 patients. The intercostal artery was the source of collateral vessels to the AKA in 2 of the 3 patients. Collateral circulation was shown from the 11th to 9th intercostal artery (Fig. 4-A) , from the 1st lumbar artery to 12th intercostal artery, and from the posterior spinal artery to the anterior spinal artery in one patient each. 
DISCUSSION
Spinal cord ischemia resulting in paraplegia and paraparesis is the most serious complication that can occur after thoracic descending and thoracoabdominal aortic aneurysm repair, and is mainly caused by interruption of blood supply to the spinal cord during the aortic operation. The ASA, which feeds the anterior two thirds of the spinal cord, is supplied from the AKA and is the major supplier of blood to the spinal cord in the thoracolumbar region. Therefore, preoperative visualization of the AKA and the ASA, and intra-operative reconstruction of the segmental artery from which the AKA arises, may help reduce the risk of postoperative spinal cord ischemia.
For preoperative identifi cation of the AKA and the ASA, several angiographic techniques including selective spinal cord angiography [5, 6] , MR angiography [12, 13] , and CT angiography [7] [8] [9] [10] [11] B) A 2D curved-MPR demonstrates connection from aorta to anterior spinal artery by the AKA, and its continuity through the collateral circulation ( * ). Red arrow points to AKA. ICA=intercostals artery, Th9=9th thoracic vertebra, Th11=th11 thoracic vertebra, Ao=aorta, VR; VR: volume rendering, MPR; multi planar reconstruction DETECTION OF THE AKA BY CT ANGIOGRAPHY effective and established technique, and the detectability of the AKA has been reported to be 43% to 86% [5, 6] . This technique, however, is invasive, time-consuming, technically diffi cult to perform, and may be hazardous. Kieffer et al. [5] reported that major complications developed in 6 (1.2%) of 480 patients, including paraplegia in 2 patients. With recent advances in MR angiography and CT angiography technologies, CT angiography and MR angiography have gained acceptance as effective and noninvasive alternative methods that allow visualization of the AKA and the ASA. According to several previous reports [12, 13] , the AKA was detected in 69% to 84% of patients by MR angiography without any complications. Furthermore, the use of both MR angiography and CT angiography can provide a very high detection rate of 90% for the AKA, which is superior to that of conventional selective spinal cord angiography [8] . However, compared with CT angiography, a more limited fi eld of view is a major disadvantage in MR angiography [8] . Therefore, MR angiography may fail to depict the clinically important collateral vessels to the AKA in some patients, when a collateral source is the internal thoracic artery or the thoracodorsal artery [8, 15, 16] .
In CT angiography, contrast medium was principally administered intravenously or intra-arterially to opacify the AKA and the ASA. Intravenous CT (IV-CT) angiography, in which contrast medium is injected into a peripheral vein such as the antecubital vein, is noninvasive and easy to perform. Takase et al. [9] examined 70 patients with suspected thoracoabdominal vascular disease using 100 ml contrast medium (300 mg/ ml) injected at 3.5 ml/sec and 2 mm thick CT sections, and identifi ed the AKA in 63 (90%) of patients. The AKA was successfully visualized in 25 (83%) of 30 patients with 1-mm thick, 4-row CT angiography in a study by Yoshioka et al. [8] . For these CT scans, a total of 2.5 ml/kg of contrast medium (370 mg/ml) was injected at 3 ml/sec. After injecting 100 ml of contrast medium (350 mg/ml) at 5 ml/sec, Kudo et al. [10] reported 68% AKA detection on arterial phase abdominal CT scans (2 mm section thickness) in 19 patients with liver disease but without known thoracic aortic disease. In these studies, the reported detection rate of the AKA has been relatively high, however, visualization of the arterial continuity from the aorta to the ASA was achieved in only 32% to 60% of patients [8] [9] [10] . Considering that confi rmation of the arterial continuity is surgically more important than identifi cation of the AKA and the ASA for minimizing postoperative spinal cord ischemia, visualization of the arterial continuity using IV-CT angiography may not be satisfactory in thoracic descending and thoracoabdominal aortic aneurysm repair. Such low visibility of the arterial continuity is generally a major disadvantage in IV-CT angiography. On the other hand, intra-arterial CT (IA-CT) angiography, where contrast medium is injected into the descending thoracic aorta, has an advantage because of higher arterial enhancement compared with IV-CT angiography. Uotani et al. [14] reported visualization of the AKA in 21 (91.3%) of 23 patients and confi rmation of the arterial continuity in 19 (82.6%) of the 23 patients. IA-CT angiography, however, is invasive. Furthermore, diffi culty in determining the proper scan timing is a major disadvantage in IA-CT angiography because of the short duration of arterial enhancement.
The quality of CT angiographic images is infl uenced by many factors, including the imaging parameters of the CT machine, the method of injecting contrast medium, and the imaging delay. Utsunomiya et al. [11] applied 64-row MDCT for identifying the AKA. In their study, no improvement in the detection rate of the AKA was observed despite an increase in the number of detector rows, however, the traceability of the AKA was superior at a 0.5-mm slice thickness compared with a 2-mm slice thickness [11] . Since the AKA is approximately 1 mm in diameter, a slice thickness of 0.5 to 1 mm may be adequate for detection of the AKA.
It is well known that osseous structures sometimes interfere with visualization of arteries. Even when the osseous structures are normal, it may be diffi cult to visualize the artery that runs into an intervertebral foramen because not only is the artery very thin, it also runs close to the osseous structures. To improve the visualization of the AKA and the arterial continuity, it is essential to increase the contrast-to-noise ratio of a CT scan by both increasing arterial enhancement and decreasing the noise by anatomical structure [7] . Utsunomiya et al. [11] investigated a protocol for injecting contrast medium to obtain higher quality CT angiographic images, and have demonstrated that the injection protocol with a higher iodine concentration (350 mg/ml) and a faster injection rate (5 ml/sec) is signifi cantly superior to that with a lower iodine concentration (300 mg/ml) and a slower injection rate (3.5 ml/s) for obtaining suffi cient vascular enhancement and visualization of the AKA. Their protocol improved the detection rate of the AKA from 50% to 80%.
Both detection rate of the AKA and visualization of the arterial continuity in our RA-CT angiography were higher that those in conventional IV-CT angiography. In our method, contrast medium containing a high iodine concentration (370 mg/dl) was injected at a high injection rate (8 ml/sec), and moreover, it was directly administered into the RA. This injection protocol is expected to lead to higher arterial enhancement than the conventional injection protocol (3.5-5.0 ml/sec), in which contrast medium was injected into a peripheral vein. Our injection protocol may reduce dilution of contrast medium in the right heart and the lung, and may also work as a bolus injection of contrast medium. This modification of the contrast medium injection protocol may have been a major factor in enabling us to achieve not only very high detection rates of the AKA and the ASA, but also visualization of the arterial continuity in 90.0% of the patients, in our CT angiography.
On the other hand, the quality of CT angiographic images is also influenced by many hemodynamic factors, including cardiac function, heart rate, aneurysm size, and the presence of arrhythmia or valve disease in patients. In addition, the AKA and the ASA were enhanced through collateral vessels in some patients [15, 16] . In these patients, visualization of the AKA and the ASA may be difficult when an automatic triggering system for the scan delay is employed because contrast enhancement of the AKA and the ASA may be slow and weak. Yoshioka et al. [8] have indicated that depiction of the AKA and the start of scanning at the optimal timing to obtain a good image in CT angiography are very difficult in patients with a dissecting aneurysm because blood flow in the false lumen is generally very slow. In our RA-CT angiography, two CT scans starting at 20 sec after commencement of the first injection and at 35 sec after initiation of the second injection, respectively, were performed for 15 sec each. Consequently, the contrast enhanced arterial continuity from the aorta to the AKA, and the ASA was scanned for a total of 30 sec. This long scan duration may provide better visibility of the arterial continuity in some patients with slow blood flow, particularly patients with collateral circulation to the AKA such as patients with a dissecting aneurysm. Although no statistically significant difference was found in the detectability of the AKA and the arterial continuity between patients with a true aneurysm and those with a dissecting aneurysm in our study, the AKA and the arterial continuity were depicted plainly in the second scan in 18 (18.2%) of the 99 patients, as compared with 81 (81.8%) in the first scan. This long scan duration may also be one of factors responsible for the high detection rate of the AKA and the arterial continuity in our RA-CT angiography.
In our experience, visualization of arterial continuity was most difficult in patients with a dissecting aneurysm (5 cases) or patients with a large aneurysm containing massive mural thrombi (7 cases). However, no statistically significant differences were found in the mean maximal diameter of the aneurysm (p=0.834) and aortic pathology (true aneurysm or dissecting aneurysm) regardless of whether the arterial continuity was visualized or not. In this study, the level of origin of the AKA ranged from Th8 to L2 in 95.0% and the left side origin was 71.7%. These results were in agreement with those of previous reports including anatomic studies, MR angiography, and CT angiography [7] [8] [9] [10] [11] [12] .
Although RA-CT angiography achieved a high visualization rate of the AKA and of the arterial continuity from the aorta to the ASA, there are some drawbacks. Dual-phase injection and scan procedures in this technique increase the patient's exposure to radiation and the dosage of contrast medium. The use of a total of 200 ml of the contrast medium may be clinically problematic for patients with inherent atherosclerotic disease because they sometimes have marginal renal functions. For such patients, a single biphasic injection of contrast medium at a rapid injection rate might be helpful for depiction of the AKA and preservation of renal function [17] . Furthermore, RA-CT angiography is time-consuming and troublesome because of the need to transfer patients to a CT room after catheter insertion in a fluoroscopy room. The use of a flowdirected catheter might simplify RA-CT angiography procedures without requiring patient transfer or use of a fluoroscope. Finally, an early model CT scanner was used in this study, however, the use of more advanced CT machines will provide safe and easy identification of the AKA and arterial continuity with a small amount of contrast medium and a single scan.
Our study has several limitations. First, it is inherently limited by its retrospective nature. Second, the lack of a reference standard, such as conventional IV-CT angiography and IA-CT angiography, to evaluate the usefulness of RA-CT angiography is another drawback. Third, although this study included a relatively large number of patients (over 100) with aortic aneurysm, even this number of patients may be not sufficient to draw a firm conclusion about the role of this RA-CT angiography. Fourth, we gave the patients double the standard radiation dose and volume of contrast medium, compared with the usual method. Further study is needed to clarify the usefulness of RA-CT angiography in visualizing the AKA in patients with aortic aneurysm.
In conclusion, this study demonstrated that RA-CT angiography could achieve a very high detection rate DETECTION OF THE AKA BY CT ANGIOGRAPHY of the AKA and visualization of the arterial continuity without any complications in patients with aortic aneurysm. These results suggest that RA-CT angiography is a safe and effective technique for identifying the AKA and the ASA and for visualization of the arterial continuity between the aorta and the AKA.
